One aspect of the function of the ␤-arrestins is to serve as scaffold or adapter molecules coupling G-protein coupled receptors (GPCRs) to signal transduction pathways distinct from traditional second messenger pathways. Here we report the identification of Dishevelled 1 and Dishevelled 2 (Dvl1 and Dvl2) as ␤-arrestin1 (␤arr1) interacting proteins. Dvl proteins participate as key intermediates in signal transmission from the seven membrane-spanning Frizzled receptors leading to inhibition of glycogen synthase kinase-3␤ (GSK-3␤), stabilization of ␤-catenin, and activation of the lymphoid enhancer factor (LEF) transcription factor. We find that phosphorylation of Dvl strongly enhances its interaction with ␤arr1, suggesting that regulation of Dvl phosphorylation and subsequent interaction with ␤arr1 may play a key role in the activation of the LEF transcription pathway. Because coexpression of the Dvl kinases, CK1 and PAR-1, with Dvl synergistically activates LEF reporter gene activity, we reasoned that coexpression of ␤arr1 with Dvl might also affect LEF-dependent gene activation. Interestingly, whereas ␤arr1 or Dvl alone leads to low-level stimulation of LEF (2-to 5-fold), coexpression of ␤arr1 with either Dvl1 or Dvl2 leads to a synergistic activation of LEF (up to 16-fold). Additional experiments with LiCl as an inhibitor of GSK-3␤ kinase activity indicate that the step affected by ␤arr1 is upstream of GSK-3␤ and most likely at the level of Dvl. These results identify ␤arr1 as a regulator of Dvl-dependent LEF transcription and suggest that ␤arr1 might serve as an adapter molecule that can couple Frizzled receptors and perhaps other GPCRs to these important transcription pathways.
T
he arrestin proteins play critical roles in G protein-coupled receptor (GPCR) desensitization and internalization (1, 2) . Phosphorylation of activated receptors by GPCR kinases facilitates binding of arrestin proteins that serve to physically uncouple activated receptors from bound G protein (3) . This process, termed desensitization, effectively terminates many of the classical G protein signaling pathways. Two isoforms of ␤-arrestin originally discovered in the context of ␤ 2 -adrenergic receptor desensitization [␤-arrestin1 (␤arr1) and ␤-arrestin2] have been identified (4, 5) . In addition to their role as negative regulatory components in ''conventional'' GPCR signaling paradigms, it has recently become clear that the ␤-arrestins are multifunctional scaffold͞adapter proteins (6) .
One function of the ␤-arrestins as scaffold͞adapter proteins is to facilitate the transmission of additional signals from activated GPCRs (6) . For example, the ␤-arrestins directly interact with several Src family kinases, including Src, Yes, and Hck (7) (8) (9) (10) . Agonist-activated GPCRs such as the ␤ 2 -adrenergic and CXCR1 receptors recruit Src kinases to the receptor complexes via the ␤-arrestins. The recruitment of ␤-arrestin͞Src complexes to the receptor is important for activation of mitogen-activated protein kinases, receptor internalization, and granule release (7, 8) . ␤-Arrestin2 also has been found to interact with several components of classical mitogen-activated protein kinase signaling cascades. The ␤-arrestins interact with the c-Jun N-terminal kinase 3 (JNK3) and the apoptosis signal-regulating kinase 1 (ASK1) to enhance signal transmission to JNK3 (11, 12) . Similarly, the ␤-arrestins interact with Raf and extracellular-regulated kinase 2 (Erk2) to facilitate GPCR-stimulated activation of extracellular-regulated kinase pathways (13, 14) .
An important but still poorly characterized signaling pathway involves activation of seven membrane-spanning Frizzled receptors by Wnt glycoproteins (15, 16) . This signaling pathway is conserved from flies to vertebrates and plays a key role in developmental and morphogenetic pathways. Binding of Wnt to Frizzled receptors initiates signal transmission leading to modulation of Dishevelled (Dvl) activity, inhibition of glycogen synthase kinase-3␤ (GSK-3␤), and stabilization of ␤-catenin (15) . In the absence of Wnt, ␤-catenin is phosphorylated by GSK-3␤ and targeted for degradation (17) (18) (19) . Stabilized ␤-catenin accumulates in the cytosol and then translocates into the nucleus, where it interacts with the lymphoid enhancer factor (LEF)͞T cell factor transcription factors to activate transcription of target genes (20) . Interestingly, Dvl also activates the c-Jun amino-terminal kinase (JNK) through modulation of a signaling pathway independent of GSK-3␤ and ␤-catenin (21) (22) (23) .
Dvl proteins consist of an amino-terminal DIX domain, a central PDZ domain, and a carboxyl-terminal DEP domain (24, 25) . These conserved domains most likely mediate proteinprotein interactions that are required for the ability of Dvl to stimulate LEF transcriptional activity. Stimulation of Frizzled receptors by Wnt proteins leads to hyperphosphorylation of Dvl, and recently several kinases, including protein kinase CKI, protein kinase CKII, and PAR-1, have been shown to interact with Dvl and positively regulate LEF-dependent transcription (26) (27) (28) (29) (30) .
Here we report that ␤arr1 interacts with Dvl proteins and provide evidence that ␤arr1 enhances Dvl-stimulated LEF transcriptional activity. These results delineate an unexpected signaling role for the ␤-arrestins and indicate that the utility of ␤-arrestin as a multifunctional adapter protein includes the modulation of signaling from ''nonconventional'' seven membrane-spanning receptors such as Frizzled.
Culture Collection. HEK-293 cells were transfected with either calcium phosphate (31) or FuGene6 according to the manufacturer's instructions (Roche Molecular Biochemicals). NIH 3T3 cells were transfected with Lipofectamine according to the manufacturer's instructions (Life Technologies, Rockville, MD). Cells were routinely harvested 48 h after transfection.
Yeast Two-Hybrid Screening. A rat ␤arr1 cDNA (containing a single point mutation converting Arg-161 to Gly) was cloned into the pAS2-1 yeast expression vector (CLONTECH). The pAS2-1(␤arr1) plasmid was transformed into the PJ-69-4A yeast strain with a human heart cDNA library (CLONTECH) by standard yeast transformation protocols (32, 33) . Rescued library plasmids from positive clones were sequenced with an Applied Biosystems DNA sequencer (Howard Hughes Nucleic Acid Facility, Duke University). The isolated plasmids were then cotransformed into yeast with either the pAS2-1 (␤arr1) plasmid or pAS2-1, and the specificities of the interactions were confirmed by growth on ϪHis and ϪAde selective plates.
Plasmids. Expression vectors for FLAG-␤arr1, Myc-Dvl1, MycDvl2, and MBP-Dvl1 have been described (9, 27, 34) . pGL3-LEF and pCG-LEF[hemagglutinin (HA)] were kind gifts of Rudolf Grosschedl (University of Munich, Munich). An expression vector for HA-Dvl2 (180-736) was constructed by subcloning the Dvl2 insert from the yeast two-hybrid clone into a modified pcDNA3 vector containing an amino-terminal HA sequence.
Immunoprecipitations and Immunoblot Analysis. Cell extracts were prepared by lysing cells in buffer A (20 mM Hepes͞0.5% Nonidet P-40͞250 mM NaCl͞10% glycerol͞2 mM EDTA͞1 mM PMSF͞2.5 g/ml aprotinin͞2.5 g/ml leupeptin͞100 M sodium orthovanadate͞50 mM sodium fluoride). FLAG-tagged ␤arr1 was immunopurified from clarified supernatant with the use of anti-FLAG affinity gel (Sigma). Myc-Dvl was immunopurified similarly, with the use of anti-Myc affinity gel (Covance, Princeton, NJ). Immunocomplexes were washed with buffer A, diluted in 2ϫ sample buffer, and resolved by SDS͞PAGE. Resolved proteins were transferred to nitrocellulose filters (Schleicher & Schuell), and nonspecific reactivity was blocked with Trisbuffered saline containing 0.1% Tween 20 and either 5% nonfat dried milk or 3% BSA. Antisera directed against FLAG, HA, and Myc (Santa Cruz Biotechnology) were used according to the manufacturer's specifications. Antiserum directed against Dvl2 has been described (24) . Reactive proteins were detected by using the appropriate secondary antibodies in the enhanced chemiluminescence system (Amersham Pharmacia).
Dvl Phosphorylation and ␤arr1 Binding in Cells. Wnt3A conditioned medium was prepared as described (35) . NIH 3T3 cells expressing FLAG-tagged ␤arr1 were treated with Wnt3A-conditioned media overnight and lysed in buffer containing 50 mM Tris (pH 8.5), 1 mM EDTA with a 28-gauge needle. To dephosphorylate cell extracts, lysates were treated with 50 units of alkaline phosphatase (Roche Molecular Biochemicals) at 30°C for 30 min and diluted with an equal volume of buffer A. FLAG-tagged ␤arr1 was immunoprecipitated as described above. To dephosphorylate Dvl2 bound to ␤arr1, FLAG-␤arr1 immunoprecipitates were washed three times with 50 mM Tris (pH 8.4), 1 mM EDTA and treated with 5 units of alkaline phosphatase as described above.
Dvl Phosphorylation and ␤arr1 Binding in Vitro. Recombinant MBPDvl1 and His-␤arr1 were purified as described (5, 36) . MBP-Dvl1 was washed with protein kinase CKII buffer (20 mM Tris, pH 7.5͞50 mM KCl͞2 mM MgCl 2 ) and phosphorylated with protein kinase CKII (New England Biolabs) and [␥-32 P]ATP (60 M; final concentration, 400 cpm͞pmol) at 30°C for 30 min. Phosphorylated MBP-Dvl1 was visualized by exposure of dried gels to film. Stoichiometry of Dvl phosphorylation was determined by comparison of bands and standards with a PhosphorImager. For in vitro binding assays MBP-Dvl1 beads were incubated with 1 g of His-␤arr1, and bound ␤arr1 was analyzed by immunoblot as described above. Immunopurified Myc-Dvl2 from HEK-293 cells were washed with protein kinase CKII reaction buffer, phosphorylated with the addition of ATP, and used in binding assays with His-␤arr1 as described above for MBP-Dvl1.
LEF-Luciferase Reporter Gene Assays. HEK-293 cells were transfected with pGL3-LEF and pCG-LEF(HA) along with combinations of Myc-Dvl1, Myc-Dvl2, and FLAG-␤arr1. Cells were harvested 48 h after transfection and lysed by repeated freeze͞ thaw in reporter lysis buffer (Promega). Luciferase activity was assayed in duplicate with the Luciferase Assay System according to the manufacturer's instructions (Promega).
Results
Identification of Dvl2 as a ␤arr1 Interacting Protein. To search for novel ␤arr1 interacting proteins, we screened a human heart cDNA library with a ␤arr1-GAL4 DNA binding domain fusion protein as bait in the yeast two-hybrid system. We obtained two identical copies of a cDNA that encodes residues 180-736 of Dvl2 (Fig. 1A) . Isolated Dvl2 clones were transformed into yeast and demonstrated specific interaction with the ␤arr1-GAL4 fusion protein when analyzed with the two-hybrid system (data not shown).
To determine whether ␤arr1 interacted with Dvl2 in cells, we constructed a HA-tagged Dvl2 (180-736) expression vector corresponding to the clones isolated in the yeast two-hybrid screen. HEK-293 cells were transfected with HA-tagged Dvl2 (180-736) and FLAG-tagged ␤arr1 together or individually. FLAG-␤arr1 was immunoprecipitated, and immunoprecipitates were analyzed by immunoblot to determine whether ␤arr1 and Dvl2 (180-736) form a complex in cells (Fig. 1B Top) . Dvl2 (180-736) immunoprecipitated with ␤arr1 only when both HADvl2 (180-736) and FLAG-␤arr1 were expressed together, indicating that these two proteins specifically interact in HEK-293 cells.
␤arr1 Interacts with Both Dvl1 and Dvl2 in Cells. To further confirm the interaction between ␤arr1 and Dvl2, HEK-293 cells were transfected with full-length Myc-Dvl2 and FLAG-␤arr1 together or individually. FLAG-␤arr1 was immunoprecipated, and MycDvl2 was present in the immunoprecipated complex only when both Myc-Dvl2 and FLAG-␤arr1 were expressed ( Fig. 2A Top) . Moreover, Myc-Dvl1 was also found to interact with ␤arr1 in coimmunoprecipitation experiments (Fig. 2B Top) . FLAG␤arr1 was immunoprecipated, and Myc-Dvl1 was present in the immunoprecipated complex only when both Myc-Dvl1 and FLAG-␤arr1 were expressed.
Modulation of Dvl2
Interaction with ␤arr1 in Wnt3A-Stimulated Cells.
Wnt3A stimulation of endogenous Frizzled receptors in NIH 3T3 cells leads to Dvl phosphorylation (27) . To examine the effect of Frizzled stimulation and Dvl2 phosphorylation on ␤arr1 binding, NIH 3T3 cells were transfected with FLAG␤arr1 for 36 -48 h and then stimulated with Wnt3A-conditioned medium or control medium overnight. FLAG␤arr1 was immunoprecipitated from cell extracts treated with or without alkaline phosphatase. In cells stimulated with Wnt3A-conditioned medium there was a significant increase in the amount of endogenous Dvl2 immunoprecipitated with FLAG-␤arr1 as compared with cells treated with control medium (Fig. 3A Top) . Interestingly, alkaline phosphatase treatment of either unstimulated or Wnt3A-stimulated cell extracts dramatically reduced the binding of endogenous Dvl2 to ␤arr1. Similar results were observed in Wnt3A-treated HEK-293 cells (data not shown). Analysis of Dvl2 mobility by immunoblot with NIH 3T3 extracts from Wnt3A-stimulated cells demonstrated a large increase in the level of higher molecular weight Dvl2 that is markedly reduced by treatment with alkaline phosphatase (Fig. 3A Middle) . These data confirm published results that indicate Dvl2 is phosphorylated upon Wnt3A stimulation and demonstrate that it is the phosphorylated form that preferentially interacts with ␤arr1 (27) . The level of ␤arr1 in cell extracts treated with Wnt3A conditioned or control medium was the same, indicating that Wnt3A does not affect ␤-arrestin stability (Fig. 3A Bottom) .
To obtain more evidence in support of the finding that ␤arr1 binds preferentially to phosphorylated Dvl2, NIH 3T3 cells were transfected with FLAG-␤arr1 and Myc-Dvl2, FLAG-␤arr1 was immunoprecipitated, and the immunocomplex was left untreated or was treated with alkaline phosphatase. The mobility of Dvl2 in ␤arr1 immunoprecipitates shifted to the lower molecular weight form after dephosphorylation by alkaline phosphatase, indicating that ␤arr1 binds preferentially to phosphorylated Dvl2 (Fig. 3B, left two lanes) . Overexpression of Myc-Dvl2 generated two bands in the cell lysate (Fig. 3B, right lane) . The higher molecular weight band is most likely the phosphorylated form of Dvl2 because it comigrated with the lower molecular weight band (unphosphorylated form) after the cell extracts were treated with alkaline phosphatase (data not shown). The Dvl2 in ␤arr1 immunoprecipitates appears to migrate even more slowly than the phosphorylated Dvl2 detectable in whole-cell lysates, which could indicate that ␤arr1 preferentially binds a less abundant, more highly phosphorylated form of Dvl2 (Fig. 3B , left lane).
In Vitro Interaction of ␤arr1 with Dvl Is Increased by Dvl Phosphorylation. Several protein kinases (CKI, CKII, and PAR-1) have been reported to bind and phosphorylate Dvl proteins (27, 29, 30) . To more clearly elucidate the role of phosphorylation in Dvl binding to ␤arr1, HEK-293 cells were transfected with Myc-Dvl2 and the Dvl2 was immunoprecipitated with anti-Myc affinity beads. When immunoprecipitated Dvl2 was incubated Immunoprecipitates were immunoblotted with anti-Myc antibody to detect associated Dvl proteins (Top). To ensure equivalent expression between transfections, whole-cell lysates were immunoblotted with anti-Myc antibody to detect Dvl (Middle) and anti-FLAG antibody to detect ␤arr1 (Bottom). The results shown are representative of at least three independent experiments. with [␥-32 P]ATP, the Dvl2 became phosphorylated, presumably by endogenous kinase(s) associated with Dvl2 (Fig. 4A  Upper) . The immunoprecipitated Myc-Dvl2 (unphosphorylated or phosphorylated in vitro) was incubated with 1 g of recombinant His-tagged ␤arr1. Bound ␤arr1 was detected by immunoblot, and the results indicated that ␤arr1 interacts preferentially with the phosphorylated Dvl2 (Fig. 4 A Lower) .
Recombinant MBP-Dvl1 was phosphorylated with protein kinase CKII to determine whether ␤-arrestin interacts preferentially with recombinant Dvl phosphorylated in vitro. Unphosphorylated (without the addition of ATP or without kinase and ATP) and in vitro phosphorylated MBP-Dvl1 were incubated with 1 g of recombinant His-tagged ␤arr1. Phosphorylated MBP-Dvl1 bound significantly more His-tagged ␤arr1 (Fig. 4B) . To determine whether the extent of phosphorylation of Dvl correlates with binding to ␤arr1, MBP-Dvl1 immobilized to amylose resin was phosphorylated in vitro by protein kinase CKII to a stoichiometry of 0.08, 0.8, and 8 mol phosphate͞mol Dvl1 (Fig. 4C Inset Upper) . The unphosphorylated and phosphorylated MBP-Dvl1 proteins were incubated with 1 g of recombinant His-tagged ␤arr1. The incorporation of increasing amounts of phosphate into MBP-Dvl1 resulted in the appearance of increasing amounts of His-tagged ␤arr1 bound to MBP-Dvl1 (Fig. 4C Inset Lower) . The relative amount of bound ␤arr1 bound to MBP-Dvl was quantified, and the data are presented in graphical form (Fig. 4C) . The binding of ␤arr1 to MBP-Dvl1 increased 5.1-to 18.4-fold over that bound to unphosphorylated MBP-Dvl1 when MBP-Dvl1 was phosphorylated at stoichiometric levels of 0.08 to 8.
␤arr1 Enhances Dvl-Stimulated LEF Transcriptional Activity. To determine whether ␤arr1 altered Dvl1-stimulated LEF transcriptional activity, we transfected ␤arr1, Dvl1, or both plasmids into HEK-293 cells with a LEF-luciferase reporter gene plasmid (Fig.  5A) (37, 38) . Dvl1 alone stimulated LEF-Luciferase activity 5-fold over control samples, and ␤arr1 alone stimulated LEFLucifease activity 2-fold over control samples. Interestingly, the combination of ␤arr1 and Dvl1 stimulated LEF-Luciferase activity 16-fold over control samples. Similar results were obtained with Dvl2 except that Dvl2 itself is a weaker stimulator of LEF activity (Fig. 5A) . Dvl2 alone stimulated LEF-Luciferase activity 3.6-fold over control samples, whereas the combination of ␤arr1 and Dvl2 stimulated LEF-Lucifease activity 7.4-fold over control samples. Relative Dvl levels were unaffected by transfection of ␤arr1 (data not shown). These results indicate that ␤arr1 synergistically enhances Dvl-stimulated LEF transcriptional activity.
Inhibition of GSK-3␤ is an important step in the signaling cascade leading to activation of LEF transcriptional activity. Because multiple lines of evidence indicate that Dvl proteins are upstream of GSK-3␤, we hypothesized that if ␤arr1 was influ- encing LEF transcriptional activity through interaction with Dvl, then ␤arr1 would have no effect on LEF activity stimulated by direct inhibition of GSK-3␤. LiCl binds to and inhibits GSK-3␤ activity, resulting in a strong stimulation of LEF transcriptional activity (39) . We analyzed LiCl-stimulated LEF-Luciferase activity in HEK-293 cells transfected with control plasmids or ␤arr1 (Fig. 5B) . LiCl stimulated LEF-Luciferase activity 20-fold over unstimulated cells, and this increase was unaffected by expression of ␤-arrestins. These results support our conclusion that ␤arr1 is acting upstream of GSK-3␤ and interacting with Dvl proteins to stimulate signal transduction, resulting in increased LEF transcriptional activity.
Discussion
The data presented here identify Dvl as a ␤arr1 interacting protein that couples the ␤-arrestins to a unappreciated signaling pathway. Dvl proteins were originally identified in Drosophila as proteins that regulate developmental processes, including the canonical Frizzled signaling pathway that controls embryonic segmentation and patterning as well as a separate pathway that controls planar cell polarity (40) (41) (42) . More recently Dvl has been identified as a modulator of mammalian signaling involved in regulation of the LEF transcription factor as well as JNK activity (22) . The LEF pathway appears to function both in mammalian systems and the canonical Frizzled pathway in Drosophila, whereas the JNK pathway appears to be present both in mammalian systems and the planar cell polarity pathway in Drosophila. The data presented here indicate that ␤arr1 directly interacts with Dvl and that phosphorylation of Dvl induced by activation of Frizzled receptors stimulates the interaction between ␤arr1 and Dvl. Additionally, ␤arr1 synergistically enhances Dvlstimulated LEF activity. These results suggest that ␤arr1 plays an important role in the regulation of Dvl signaling.
Dvl appears to be a central regulatory protein in the modulation of all Frizzled receptor signaling pathways. Recently several proteins have been identified, such as Axin, Frat, Idax, and Nkd, which, like ␤arr1, bind to and͞or regulate the activity of Dvl (34, (43) (44) (45) (46) . The Dvl proteins contain multiple domains normally found in other adapter proteins that are likely to mediate protein-protein interactions and regulate Dvl activity. For example, Nkd binds to Dvl and acts to promote signaling to the JNK pathway while antagonizing signaling to the LEF pathway (44) . Nkd binds to the middle region of Dvl, which comprises the PDZ region. It is interesting that Nkd appears to act in opposition to ␤arr1 in that ␤arr1 stimulates the pathway leading to LEF activity. Also, in contrast to Nkd, we do not find that ␤arr1 has any effect on JNK signaling mediated by Dvl (data not shown).
Perhaps further insight into the mechanism by which ␤arr1 affects Dvl function may come from studies aimed at identifying kinases that phosphorylate Dvl and regulate its function. Members of the casein kinase family (protein kinase CKI and protein kinase CKII) as well as the PAR-1 kinase have been shown to phosphorylate Dvl and positively inf luence the ability of Dvl to stimulate LEF reporter gene activity (28 -30) . Inhibition of these kinases with pharmacological inhibitors and͞or antisense oligonucleotides destabilizes ␤-catenin, suggesting a functional inf luence of Dvl phosphorylation on stimulation of LEF activity. Overexpression of Dvl alone leads to low-level LEF activity, and concomitant expression of CKI or PAR-1 with Dvl synergistically activates LEF-dependent transcription activity (29, 47) . The enhanced Dvl activity on LEF induced by protein kinases CK1 and PAR-1 is strikingly similar to what we have observed with overexpression of ␤arr1. Moreover, we have shown that phosphorylation of Dvl promotes the assembly of the ␤-arrestin͞Dvl complex. Phosphorylation of Dvl may lead to the recruitment of proteins like ␤arr1 that stimulate some function of Dvl in mediating signal transmission to GSK-3␤. It is likely that the precise nature of the components in the Dvl complex determines whether the signal proceeds to LEF or to JNK. It is still unknown precisely which residues are phosphorylated by the various Dvl kinases or what phosphorylation sites lead to enhanced ␤arr1 binding. Our in vitro studies, however, indicate that ␤arr1 binding is dramatically increased when the stoichiometry of Dvl1 phosphorylation by protein kinase CKII reaches 1 mol͞mol, but we do not know the identity of the endogenous kinase(s) responsible for the stimulation of ␤-arrestin͞Dvl interaction.
Additional evidence that ␤arr1 functions at the level of Dvl and not further downstream comes from experiments that use LiCl to stimulate LEF activity. LiCl directly binds to GSK-3␤ and inhibits activity leading to induction of reporter gene activity (39) . In this experimental system, ␤arr1 does not affect LEF activity, suggesting that the step at which ␤arr1 functions is upstream of GSK-3␤ and most likely at the level of Dvl. We have not observed ␤-catenin stabilization by either Dvl or ␤-arrestin͞ Dvl in our experiments, although we do see strong stimulation of LEF activity (Fig. 5 and data not shown) . However, several groups have reported an increase in cytoplasmic ␤-catenin induced by strong transient overexpression of Dvl (27, 34) . These results suggest that in our cells there is a small but undetectable change in the levels of cytoplasmic ␤-catenin or that activation of Dvl leads to induction of LEF through a mechanism independent of ␤-catenin stabilization. Interestingly, a recent report indicates that only a small pool of ␤-catenin is competent to interact with LEF and suggests that mechanisms distinct from accumulation of ␤-catenin are also important in transcriptional regulation (48) .
Stimulation of GPCR phosphorylation on Ser͞Thr residues by GPCR kinases leads to a marked increase in the affinity of the ␤-arrestins for activated receptors (3) . Although this theme is consistent for most if not all GPCRs, no cytoplasmic ␤-arrestin interacting proteins have been shown to undergo a phosphorylation event that promotes interaction with ␤-arrestin. Thus, Dvl represents a ␤-arrestin interacting protein whose interaction is shown to be modulated by phosphorylation, similar to the situation with membrane-bound GPCRs. It will be interesting to determine whether any other cytoplasmic targets of ␤-arrestin follow this paradigm. As phosphorylation of Dvl is induced by agonist activation of Frizzled, the binding of ␤arr1 to Dvl is likely to play an important role in the regulation of this pathway.
Although much of the focus on the activation of LEF transcriptional activity has centered on the signaling pathway from Frizzled receptors through Dvl, several recent reports suggest that other GPCR and G protein signaling events can modulate LEF activity (49) (50) (51) . For example, stimulation of the FP b prostanoid receptor with prostaglandin F 2␣ leads to activation of LEF-dependent transcription (50) . Perhaps interaction of ␤arr1 with Dvl provides a direct means by which GPCRs communicate with this pathway. Under some circumstances Dvl proteins are recruited to the plasma membrane in response to agonist stimulation (52) . However, it remains unclear whether membrane recruitment of Dvl is required for activation of LEF transcription pathways. Constitutively active mutants of G␣12 and G␣13 bind to E-cadherin, resulting in release of cadherinbound ␤-catenin that stimulates LEF-dependent gene expression (49) . Because FP prostanoid receptors activate G ␣12 and G ␣13 , it seems plausible that the interaction of certain G proteins with E-cadherin could be an important factor in the stimulation of LEF activity (53) . However, although both FP a and FP b prostanoid receptors activate G ␣12 and G ␣13 proteins, only the FP b prostanoid receptor stimulated LEF activity, implicating other regulators of GPCR signaling in the activation of LEF activity.
Although GPCR signaling cascades are involved in many aspects of cell biology, the connections between GPCRs and LEF-dependent transcription pathways are just beginning to be understood. Studies aimed at identifying novel ␤-arrestin interacting proteins indicate that the ␤-arrestin͞Dvl interface may be a key link in the connection between these two pathways. Further studies aimed at understanding the mechanism by which ␤-arrestin affects Dvl function will be crucial not only for understanding how GPCR signaling components activate LEF transcription activity, but also for understanding how Dvl proteins receive and transmit signals through this important pathway.
